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In-situ FTIR studies on the oxidation of isopropyl alcohol over 
SnO2 as a function of temperature up to 600 
o
C and a comparison 
to the analogous plasma-driven process† 
P. A. Christensen,*
a
, Z. T. A. W. Mashhadani
a
 and Abd Halim Bin Md Ali
a
. 
This paper reports the application of in-situ reflectance Fourier Transform InfraRed spectroscopy to the study of the 
thermal and plasma driven reaction of IsoPropyl Alcohol (IPA) at SnO2-coated Macor, the latter a ceramic material 
comprised of the oxides of Al, Mg and Si.  The data so obtained were compared to those obtained using uncoated Macor.  
When uncoated Macor was employed, no reaction of the IPA was observed up to 600°C in the thermal experiments, 
whereas a number of products were observed in the plasma-driven experiments.  The results obtained using coated Macor 
were somewhat different, with no reaction taking place in the plasma-driven experiments, whilst significant reaction took 
place in the thermally-driven process.  In the latter experiments, the chemistry was observed to show four distinct 
temperature regions, with electron injection into the conduction band of the SnO2 playing a significant role, culminating in 
the production of CO2.  The data were interpreted in terms of a model in which physisorbed IPA was converted to two 
forms of isopropoxide: this was converted to acetone and acetaldehyde via adsorbed enolate.  The data clearly support 
the catalytic activity of Macor in the plasma-driven conversion of IPA.
1. Introduction 
Plasma is widely regarded as the fourth state of matter and is 
characterized by the presence of atoms, molecules, ions, 
electrons and radicals having internal energies (with the 
exception of the electrons) unevenly distributed over the three 
degrees of freedom
1
. Non Thermal Plasma (NTP) reactors 
generally consist of two electrodes across which is a pulsed or 
AC high voltage field separated by one or more dielectric 
layers.  In such plasmas, the temperature of the electrons is as 
high as 10
3
 – 10
4
 K, whilst the heavier species remain around 
ambient temperature
2
. 
Initially, the role of the dielectric was to be a barrier to 
prevent arcing and to increase the discharge power of the 
plasma as described by the Manley equation
3
; however, it was 
realized that certain dielectrics could also act as catalysts, 
steering reactions to yield different products with different 
catalysts
4-8
, but the chemistries observed were simply not 
understood 
4, 7-9
.  Consequently, catalyst selection for NTP-
driven processes is all too often based on identifying those 
materials active for the analogous thermally-driven process 
carried out under steady state conditions: however, non-
thermal plasmas are most certainly not in a steady-state as 
they consist of myriads of nanosecond-long streamers
9
. 
 
 
There are a number of significant potential advantages of 
plasma catalysis over conventional, thermal catalysis.  Thus, 
the ions, radicals and vibrationally electronically excited 
species produced through the collisions between the high 
energy electrons generated in the NTP are only observed at 
temperatures > 1000 K in thermal systems
9
. In principle, 
almost 97% of the plasma discharge power of low temperature 
plasmas can be converted into vibrational excitation of the gas 
feed molecules
10
, and these species can exhibit enhanced 
sticking probabilities at catalyst surfaces and hence enhance 
the reactivity of endothermic processes
9, 11
.   The ions, radicals 
and excited species present in non-thermal plasma are 
essentially unavailable in thermal systems; thus the key 
advantage of non-thermal plasma chemistry is that it makes a 
range of chemistries viable, where, by conventional means, 
they would require extremes of temperature and/or pressure 
that would be technically challenging and economically 
unfeasible. In summary, coupling NTP with catalysts offering 
novel chemical pathways with lower activation energies opens 
up the potential for a wholly new and exciting field of 
chemistry and it should be possible to enhance targeted 
reactions and suppress others by appropriate choice of 
catalyst and feed gas, by controlling the number density of 
electrons and controlling the temperatures of the electrons 
and gaseous species.   
The reason for the relatively slow penetration of plasma 
catalysis into chemical processing is most likely due to the lack 
of analytical information on the chemistries taking place in the 
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plasma glow and, more especially, at the plasma/catalyst 
interface
9, 12
. In particular, it is the lack of molecular 
information, such as that provided by infrared spectroscopy, 
that is hindering progress.   
Whilst the plasma/catalyst interface has not been 
extensively investigated, such studies have started to appear
13-
19
 and, in many ways, the current situation is analogous to that 
of electrochemistry in the 1980s prior to the paradigm shift 
caused by the general application of in-situ InfraRed 
spectroscopy
20-22
.   Infrared spectroscopy has proved 
extremely powerful for the elucidation of mechanism at the 
gas/solid interface, including the study of catalysis at metal 
oxides, see
23
 and references therein. 
The aim of the work reported in this paper was twofold: 
firstly, to explore the application of in-situ Fourier Transform 
InfraRed (FTIR) spectroscopy to the study of the chemistry of 
the plasma glow and plasma/catalyst interface and secondly to 
interrogate validity of the premise that catalyst selection for 
plasma processes can be based on the materials active in the 
analogous thermal reactions.  In order to do this, two potential 
catalysts were employed, Macor and SnO2, which were chosen 
for their thermal stabilities and reasonable dielectric 
constants:  Macor is a ceramic material comprised primarily of 
the oxides of aluminium, magnesium and silicon with a 
dielectric constant between 5 and 6 
24
, whilst SnO2 has a 
dielectric constant between 3 and 4 
25
.  In addition, metal 
oxides find many applications in catalysis including selective 
oxidation in petrochemistry
26
, electrocatalytic ozone 
production
27
 and, more recently, a wide range of non-thermal 
plasma-driven chemical processes
28
.  We have significant 
interest in the plasma-drivem chemical reactions in general
29
 
and the catalytic properties of SnO2 in particular for, for 
example, electrochemical ozone generation13.  In a previous 
paper
30
.  We studied the surface chemistry of SnO2 produced 
by a hydrothermal method, particularly with respect to 
dihydroxylation, dehydration and the adsorption of molecular 
oxygen, the latter of direct relevance to the electrochemical 
generation of ozone at Ni and Sb co-doped SnO2.  This paper 
describes a study of the reaction of IsoPropyl Alcohol (IPA) at 
Macor and at SnO2 nanoparticles, as IPA is often used to probe 
the surface characteristics of metal oxides: thus, in the 
absence of oxygen, dehydration of IPA takes place at acidic 
sites
26, 31 
and dehydrogenation to acetone at basic sites
31
 or 
acid and basic sites
32
.  This model is complicated further by any 
redox activity of the oxide
31
.  Given that SnO2 is amphoteric
31, 
33 
and has adsorbed molecular oxygen as available lattice 
oxygen
34, 35
, the reactivity of SnO2 is difficult to predict: in fact, 
it has been reported as being a poor catalyst for, for example, 
oxidation reactions
32
.  Nothing has been reported on reactivity 
of Macor. 
2. Experimental 
The IsoPropyl Alcohol (IPA) was supplied by Sigma-Aldrich 
(99.5%) and used without further purification.  Isopropyl 
alcohol vapour was delivered to the chamber of the 
reflectance accessory by bubbling nitrogen gas through the 
alcohol held in a Dreschel bottle.  Spectroscopic grade (Sigma-
Aldrich) KBr was employed without purification.  A diffuse 
reflectance spectrum of the KBr using a mirror as reference 
was employed to check the IR response was featureless. 
SnO2 nanopowder was prepared by hydrothermal synthesis 
using a method adapted from that of Fujihara and co-
workers
36
 and is reported in detail in a previous paper
37
 as is 
the fullcharacterization of the powder.  The surface area of the 
powder as determined with a Thermo Scientific Surfer analyser 
using multipoint Brunauer Emmett and Teller (BET) adsorption 
isotherms was 50 m
2
 g
-1
 and XRD data showed the structure to 
be that of tetragonal cassiterite which has the rutile structure 
(Cassiterite, syn; Q: S; 00-041-1445)
30
 and references teherein.   
Dinitrogen was supplied to the FTIR spectrometers from a  
NITROSource generator.   
 
2.1 Thermal FTIR experiments 
In-situ FTIR experiments were carried out using a Varian 670-IR 
spectrometer equipped with a ceramic air-cooled infrared 
source, a cooled DLaTGS detector and a Specac Environmental 
Chamber and diffuse reflectance unit
30, 37
.  20 mg of SnO2 were 
mixed with 80 mg of spectroscopic grade KBr (Sigma-Aldrich). 
The Specac reflectance accessory allows IR spectra to be 
collected under controlled atmosphere conditions from room 
temperature to 600 °C and pressures from vacuum to 34 atm. 
The IR beam was incident on the sample in the cell at angles 
from 20° to 76° with respect to the horizontal plane via a ZnSe 
window.  A standard transmittance cell of pathlength 5.1 cm 
was employed to determine the integrated absorption 
coefficient of the CO2 combination bands
38
 between 3491 and 
3768.8 cm
-1
 using CO2/N2 mixtures of known composition, and 
this was found to be 651961 (ie 6.5 x 10
5
) cm mol
-1
.  
This was, in turn, employed to determine the average 
pathlength of the IR beam through the specular reflectance 
attachment, and this was calculated to be 1.0 cm.  
Spectra were recorded in reflectance mode and then 
converted to an effective absorption using the Kubelka-Munk 
equation.  Thus a reference spectrum (SR, 100 co-added scans 
and averaged scans at 4 cm
-1
 resolution, ca. 2 minutes per 
scanset) was collected from pure KBr at room temperature.  
The KBr was then replaced with the SnO2/KBr sample and a 
spectrum collected at 25 °C.  The temperature of the sample 
was then increased at 5 °C min
-1
 and a further spectrum 
collected at 50 °C, after which spectra ST were collected every 
50 °C up to 600 °C.  The spectra were manipulated as: 
 
RT = (SR/ST)     (1) 
 
Kubelka-Munk function KM = (1-RT)
2
/2RT     (2) 
 
and the Kubelka-Munk function
39
 plotted vs wavenumber.   
This data manipulation results in difference spectra in which 
peaks with positive amplitude arise from the gain of absorbing 
species in ST with respect to SR, and peaks with negative 
amplitude to the loss of absorbing species. In order to remove 
unchanging absorptions,  spectra were simply subtracted from 
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each other (eg KM600C – KM300C); ie. no subtraction factor 
was employed.    
2.2 The non-thermal plasma IR reflectance cell 
The non-thermal plasma IR reflectance cell is shown in Fig. S1 
(ESI†): the IR beam passed through a 2 mm CaF2 plate window 
and a 5 mm gap before being incident on the surface of a 3 cm 
× 3 cm × 0.5 cm Macor plate covered by a Ti mesh (50% open 
area) electrode at an angle of 24 degrees.  The other electrode 
was a 2.3 cm × 2.2 cm × 0.007 cm stainless steel foil mounted 
on an alumina plate behind the Macor.  The electrodes were 
connected to a NeonPro lamp transformer, NP100000-30 
(Hyrite, China) which provided an output up to 10 kV at a 
constant frequency of 24 kHz. A voltage controller (Carroll & 
Meynell) was used to control the input power to the HV 
transformers.  The input power to the plasma was monitored 
using a N67FU Gadget 13A Power Meter (Maplin, UK); the 
input powers quoted below were those obtained by 
subtracting the input power observed with plasma to the 
reading obtained with the system switched on but with no 
plasma initiated (4W).  The plasma volume was 2.0 cm
3
 and 
the residence time at a flow rate of 30 cm
3
 min
-1
 was 4.0 s. 
An Agilent FTS7000 FTIR spectrometer with a Deuterated 
TriGlycine Sulfate (DTGS) detector was employed. The IR beam 
was passed through the reflectance cell and on to the detector 
via two mirrors and an Amtir-1 filter, 25mm × 2mm (Spectra-
Tech, USA), the latter to remove visible light. 
The cell was first flushed with N2 at a flowrate of 30 cm
3
 min
-
1
 for 120 minutes, and a single beam spectrum taken (100 co-
added and averaged scans at 4 cm
-1
 resolution, 100 seconds 
per scan set), after which the dinitrogen was bubbled through 
IPA and admitted to the cell at a total flow rate of 30 cm
3
 min
-1
 
and a second single beam spectrum collected, both without 
plasma.  Sample spectra, SS, were then taken as a function of 
time after the high voltage power supply was switched on, and 
at regular intervals thereafter, up to 20 minutes.  By using the 
first single beam (of the nitrogen gas with no plasma) as the 
reference spectrum (SR) all of the infrared active species 
present in the plasma were observed; using the second single 
beam as the reference spectrum resulted in difference spectra, 
showing only the changes incurred on initiating the plasma.    
The spectra obtained in the plasma-driven experiments are 
presented as: 
 
Absorbance, A = log10[(SR - SW)/ (SS - SW)]    (3) 
 
where SW is the spectrum of the window alone. This results 
in difference spectra in which peaks pointing upwards (i.e. to + 
absorbance) represent a gain in absorbing species at SS with 
respect to SR, and peaks pointing down (to – absorbance) 
represent the loss of absorbing species. The concentrations of 
the various species observed in the plasma experiments were 
calculated using the Beer-Lambert law: 
 
A = εcL     (4) 
 
where: ε is the molar decadic extinction coefficient (M
-1
 cm
-
1
) or integrated absorption coefficient (cm mol
-1
), c = 
concentration (M) and L = optical path length (cm).   
3. Results and discussion 
3.1 The thermal experiments 
When a 12.5 mm diameter, 2 mm thick Macor disc was 
exposed to an atmosphere of IPA+N2 in the environmental 
chamber and heated to 600 °C, no reaction was observed to 
take place
40
. 
In contrast, Fig. 1 shows spectra collected from the SnO2 
powder sample in the N2 + IPA vapour atmosphere as a 
function of temperature using KBr as the reference spectrum; 
thus, the spectra are “absolute” spectra of the SnO2 as the KBr 
gives a featureless IR response. As may be seen, there are 
marked differences in the spectra collected at temperatures > 
100 °C compared to those taken in the absence of IPA
30
; 
further, the spectra in Fig. 1 collected at temperatures > 150 
°C show significant differences compared to those taken at T ≤ 
150 °C, and these will be discussed in detail below; first, 
however, the electronic absorption apparent in the spectra will 
be discussed. 
 
 
In a previous paper
30
 we reported in-situ FTIR studies on the 
heating of a SnO2 nanopowder prepared in the same way as 
the sample employed in this work.  The SnO2 was heated in air 
in the absence of IPA, the same curving baseline was observed 
as in Fig. 1 and this was attributed to absorption by free 
electrons present in the conduction band of the SnO2 which 
had been promoted from oxygen vacancy levels
41
 within 0.2eV 
of the conduction band edge.  Such absorptions generally 
exhibit a zero energy onset
42
 and follow a 1/ν
n
 power law (n = 2 
– 3)
43, 44
.  The free electron absorption did not change on 
heating the sample, however, broad absorptions attributable to 
transitions from the oxygen vacancy levels (
45
, and references 
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Fig. 1   In-situ FTIR spectra (100 co-added scans and averaged scans at 4 cm
-1
 resolution, 
ca. 120 seconds per scanset) collected using the environmental chamber during an 
experiment in which a spectrum was collected at 25ºC and the temperature ramped  at 
5 ºC min
-1
 and further spectra taken at the temperatures shown.  The sample was SnO2
powder + KBr in the ration 1:5 calcined at 400ºC in a static atmosphere of isopropyl
alcohol/dinitrogen.  The reference spectrum was collected in dinitrogen+IPA using pure 
KBr. 
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therein) which were present at 25 °C were lost on heating.  The 
spectra in Fig. 1 are in complete contrast to those observed in 
the absence of IPA: thus, whilst the free electron absorption 
does not change up to 100 °C, at temperatures above this, see 
Fig. 2 which shows a plot of the Kubelka-Munk function at 2000 
cm
-1
 as a function of temperature, the absorption increases in 
intensity.  In addition, there is no evidence for the broad 
absorptions due to transitions from the oxygen vacancy states. 
 
 
From Fig. 2, it is clear that the number of free electrons is 
varying as the temperature is increased, but not in a 
homologous fashion and there are four clear regions: 25 – 100 
°C (I); 100 – 300 °C (II); 300 – 400 °C (III) and 400 – 600 °C (IV).  
In region (I) there is very little change in the electronic 
absorption, but a clear increase with temperature in region (II) 
followed by a fall in region (III) and a less steep increase in 
region (IV).  At temperatures > 150 °C, the water and other 
surface features on the SnO2 are lost as the free electron 
absorption increases, suggesting that the increasing electronic 
conductivity of the SnO2 may be causing an increasing fraction 
of the refracted IR light to be fully absorbed with the 
consequent loss of information on surface species.  In order to 
illustrate the reproducibility of the infrared data discussed in 
this work, Fig. S2 shows normalized plots of the Kubelka-Munk 
function at 2000 cm
-1
 from three separate experiments 
covering a 20 month period: as can be seen, the general trend 
is reproducible when allowances are made for variations in 
sample mass, packing etc.  Furthermore, the various features 
due to the physisorbed and chemisorbed IPA intermediates 
and products were all reproducible (compare, for example, 
Figs. 2 and 4). 
Fig. S3 (ESI†) shows the spectra collected at 200, 250, 400 
and 600 °C in Fig. 1 with those taken at 200, 250 and 400 °C 
enhanced by a factor of 2.1, 1.5 and 1.4, respectively, in order 
to match their Kubelka-Munk functions at 2000 cm
-1
 with that 
of the spectrum taken at 600 °C.  As can be seen from the 
figure, allowing for the broad loss features from 3500 to 2000 
cm
-1
 due to dihydroxylation of the SnO2 
30
, and some variation 
in the baseline below 1500 cm
-1
 at 600 °C, the free electron 
absorption is clearly unchanged in form as the temperature 
increases: i. e. it simply increases in intensity.        
As was stated above, an increase in the intensity of the free 
electron absorption as the temperature was increased was not 
observed in the absence of IPA, suggesting that, at 
temperatures ≥ 100 °C, electron injection into the conduction 
band of the SnO2 from the IPA is taking place, with a hiatus 
between 300 and 400 °C. The electron injection is likely to be 
from newly created oxygen vacancies, caused by oxidation of 
the IPA.  In support of this postulate, the colour of the 
nanoparticulate SnO2 sample was pure white before the 
experiment in Fig. 1, see Fig. S4(a) (ESI†), and was perceptibly 
darkened after the experiment, see Fig. S4(b) (ESI†). 
Fig. S5 (ESI†) shows the spectra collected up to 100 °C in Fig. 
1 over the spectral range 900 – 1700 cm
-1
: as can be seen, 
there appears to be very little change in the various 
absorptions at 50 °C compared to 25 °C, but a significant 
change at 100 °C, supporting the possible role of electron 
injection into the conduction band of the SnO2 initiating 
reaction.     
Fig. 3 shows the spectrum collected at 25 °C in Fig. 1.  As can 
be seen from Figs. 3 and S5, there are a number of sharp 
features superimposed upon the sloping baseline and the 
broad water absorptions, and these are summarized in Table 
1.  It is generally accepted that IPA can absorb on oxide 
surfaces in up to three forms
15, 17, 46-49
: broadly these are: (I) 
IPA structure unpurturbed and weakly adsorbed, (II) structure 
unpurturbed and strongly adsorbed and (III) chemisorbed as 
the isopropoxide, and the IR bands so observed, along with 
their assignments, are given in Table 1, along with the features 
observed in the spectrum of liquid IPA (measured in a Presslok 
holder between two CaF2 plates) and in the spectrum of 
ThOCH(CH3)2 
50
.  Fig. S6 (ESI†) compares the spectra of the 
liquid IPA and IPA vapour measured in a 5.1 cm pathlength 
transmission cell.  Note that the assignments by Xu et al
49
 do 
not agree with those generally presented in the literature, and 
that it is not clear whether Rivallan et al. 
15
 attribute all the 
bands observed with adsorbed IPA to the isopropoxide, 
AlOCH(CH3)2, or just the 1166 and 1132 cm
-1
 features. 
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Fig. 3   The spectrum collected at 25°C  in Fig. 1. 
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Fig. 2   Plots of the Kubelka-Munk function at 2000 cm
-1
 with respect to 
temperature from the experiment in Fig. 1. 
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It is clear from Table 1 that the IR absorptions of the various 
forms of adsorbed IPA are very similar, and hence it is not 
surprising that the assignments of these features causes 
confusion.  Resini and co-workers
26
 and Xu et al. 
49
 follow Rossi 
et al. 
47
 in discriminating between IPA adsorbed as the 
unperturbed molecule (weakly physisorbed with O-H bond 
intact, type (I), or strongly physisorbed, type (II), in Table 1) 
and as the isopropoxide chemisorbed via a metal-oxygen bond 
(type (III) in Table 1) via the presence of absence of a broad 
band between 1200 and 1400 cm
-1
 attributable to the OH 
deformation (νOH), which appears around 1250 cm
-1
 in the gas 
phase spectrum but is absent from the liquid phase spectrum 
(see Fig. S6 (ESI†)).   Rossi et al. 
47
 state that this band is 
present in the spectrum of “monomeric” IPA in CCl4, which 
suggests that it disappears or moves and is concealed under 
another band if any hydrogen bonding is present. If this band 
is present, this is generally taken as evidence that all the 
features are attributable to type (I) or (II) adsorption, if the 
other features are present but it is absent, this is taken as 
evidence for chemisorption.  
 
Table 1.  Literature assignments of the IR bands in the spectra of IPA adsorbed on oxides, and in the IR spectrum of ThOCH(CH3)2 
48 
*This work. 
 
At first sight, on this basis, the features in Fig. 3 may be 
attributed to types (I) and/or (II) physisorbed IPA. 
In order to check the reproducibility of the data in Fig. 1, and 
to obtain more spectra, the experiment in Fig. 1 was repeated 
up to 200 °C, with spectra collected every 25 °C, and the 
results are presented in Figs. 4(a) – (c).   
Only the spectra collected up to the onset of the change in 
the free electron absorption are presented, for clarity.  Figs. 
4(b)  
IPA(l)* 
/cm
-1
 
IPAads* 
/cm
-1
 
48 
 
15 
 
45 
(I) 
45 
(II) 
 
45 
 
(III) 
 
46 
(III) 
43 
(I) or 
(II) 
43 
(III) 
47 
(II) 
47 
(III) 
Assignment 
2971 2971   2973 2968 2972    2973  νaCH3
45 
 
2933 2933   2938 2930 2936    2936  νsCH3
45
 
2882 2882   2870 2938 2872    2872  νC-H
45
 
  1615           
1466 1466 1460s 1464 1472 
1462 
1468 
1458 
1466 
1454 
 1468  1465  δaCH3 
45
, 
43
 
δaCH3 
45
 
1408    1400 1390       δCH, δOH 
44
 
1378 1383 1380s   1382 1386 
 
1382      
1386 
δsCH3 
45
 Gem dimethyl
48
 
1369sh 1369  1368 1364 1365 1369  
1362 
1380    δsCH3 
45
, 
43
 
νC-O 
46
 
1340 1340 1340
m 
 1345 1345 1342  1340    γCH
45
, 
43
 
 
1310 1322 1315
m 
 1310 1292     1293  δOH, δCH
45 
 1247         1252  δOH physisorbed and liquid-phase 
IPA
47 
1160 1165 1165s 1172 1172 1169 1165  
 
1166 
  
1166 
  
 
 
1168 
νCC, νCO, rCH3 
45 
νCC,νCO
43
 
δaCH3 
46 
1139 1128  1134 1167  1148  
1124 
  
 
1132 
  
 
 
1131 
νCC, νCO, CH3 
45 
νsCH3 
46 
νCC
43 
1111             
  1008
m 
 
         Terminal and bridged C-O str.
48 
  975m 
 
         Terminal and bridged C-O str.
48
 
952 950 965 m 
 
         Terminal and bridged C-O str.
48
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and (c) show the spectra in Fig. 4(a) except over restricted 
spectral ranges, and Fig. S7 (ESI†) the spectrum collected at 
150 °C in Fig. 4(a).  It is clear from the figures that the peaks at 
2971, 2933 and 2882 cm
-1
 decrease in intensity, and are 
replaced by bands at 2962, 2930 and 2866 cm
-1
, although the 
2971 cm
-1
 band is still present at 150 °C (see below). In the 
lower frequency region, the 1466 cm
-1
 feature decreases in 
intensity but is not lost by 150 °C, the 1383, 1340 and 1322 cm
-
1
 features are lost, whilst the 1369 and 1245 and 1128 cm
-1
 
bands decrease in intensity and shift slightly in position.   
 
 
   The 950 cm
-1
 band decreases and bands grow-in on either 
side at 975 and 926 cm
-1
, whilst the 1165 cm
-1
 band decreases 
in intensity but does not disappear.  Thus, at first sight, Fig. 
S7(ESI†) appears to show the spectrum of a single adsorbed 
species produced by the transformation of the physisorbed 
IPA; however, the behaviour of the 1369, 1245, 1165 and 1128 
cm
-1
 bands suggests that the situation is not quite so simple.  
This becomes clearer if the spectra obtained at 175 and 200 °C 
are also considered, see Fig. S8 (ESI†), which shows these 
spectra with their baselines offset down to overlie the 
spectrum taken at 150 °C.  Fig. S9 (ESI†) shows the original 
spectra.  From Fig. S8 (ESI†) it can be seen that the 2971 cm
-1
 
feature disappears as the temperature is increased to 200 °C 
(leaving the 2964,  2934 and 2869 cm
-1
 bands) as do all the 
absorptions below 1600 cm
-1
 apart from the 1118 cm
-1
,  975 
and 926 cm
-1
 features.  Mehrotra and Batwara
50
 and Zaki and 
Shepherd
51
 attribute multiple bands around 950 cm
-1
 to 
isopropoxide species.  Further, the spectrum attributed by 
Resini and co-workers
26
 to adsorbed isopropoxide is identical 
to that in Fig. S7 (ESI†), and is characterised by significantly 
lower C-H band intensities (in contrast to the intensities of 
these features in the spectra of the physisorbed IPA, see Fig. 1, 
and the spectra of liquid and vapour-phase IPA, see Fig. S6 
(ESI†)), with the intensity of the 2964 cm
-1
 feature comparable 
to that of the 1122 cm
-1
 band.  Thus it appears that desorption 
of IPA gives gas phase IPA (the νOH band slightly shifted 
compared to the physisorbed molecule), only those bands that 
have frequencies sufficiently different to those of the 
adsorbed species appearing in the difference spectra, leaving 
absorptions due to the isopropoxide species. 
Ever since the pioneering studies of, for example, Greenler
52
 
it is generally accepted that alcohols adsorb on metal oxides to 
give a mixture of physisorbed (unperturbed) alcohols 
(corresponding to types (I) and (II) above) and alkoxide species 
(type (III) above).  In fact, three forms of physisorbed states 
have been postulated
53
 i.e. with the hydrogen atom of the O-H 
group interacting with the oxygen atom of an M-OH group, 
that bridging two metal ions and directly with the metal ion of 
a Lewis acid cationic site.  Two of these presumably  
correspond to types (I) and (II) above.  At temperatures > 50 
°C, the physisorbed IPA (types (I) and (II)) is converted to the 
alkoxide form, bonded through oxygen to the surface.  Again, 
two types of alkoxides are believed to exist: bonded to a single 
oxygen atom and bonded to a bridging oxygen atom, giving 
peaks at 1170 cm
-1
 and 1130 cm
-1
, respectively
53
; changes in 
the relative intensities of these features reflecting changes in 
the relative surface occupancy by these species.  In the 
nomenclature above, these are designated as types (IIIa) and 
(IIIb).  Thus, it does not seem unreasonable to postulate that 
the spectra in Figs. 4(a) to (c) show, as well as the desorption 
of IPA, the conversion of types (I) and (II) physisorbed IPA to 
types (IIIa) and (IIIb) chemisorbed propoxide species, with the 
latter form predominating.  This, in turn, suggests the presence 
of bridging O atoms, which is not unreasonable given that the 
calcination temperature employed (400 °C) is sufficient to 
effect some dihydroxylation of the surface
30
.  Hence the type 
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Fig. 4   A repeat of the experiment in Fig. 1 up to 250°C, with spectra collected every 2 
°C: (a) full spectral range, (b) 1200 to 1700 cm
-1
 and (c) 900 to 1200 cm
-1
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(II) physisorbed IPA may also be the form interacting with 
bridging oxygen atoms. 
Fig. S8 (ESI†) suggests that, apart from the changes due to 
dihydroxylation, and a continuing loss of Type (I) and/or (II) IPA 
(eg. see the decrease in the intensity of 950 cm
-1
 band), little 
change apparently occurs between 150 °C and 200 °C.  
However, Figs. 2 and 5 show that large changes do occur in the 
free electron absorption and in the fingerprint region of the 
spectra.  Fig. 5 shows the spectrum collected at 100 °C in the 
experiment in Figs. 4(a) – (c) subtracted from those taken up 
to 200 °C.   
 
 
Loss features due to the remaining adsorbed IPA present at 
100 °C are clearly visible and increase with increasing 
temperature, as are the increase in the free electron 
absorption and broad loss features due to the dihydroxylation 
of the surface.  The only clear gain feature is a band with a 
maximum at ca. 1512 cm
-1
: there may be other gain features 
but these are obscured by the IPA loss bands.  Both in terms of 
the frequency of this band and a likely mechanism, a 
reasonable assignment of the 1512 cm
-1
 feature is to the C=C 
stretch of adsorbed enolate
54
, bound side-on via coordination 
to the double bond and formed from the isoproxide
54
: 
 
M-OH + (CH3)2CHOH → M-O-CH(CH3)2 + H2O     (3) 
 
M-O-CH(CH3)2 + M → CH3C(OH)=CH2---M + M-H     (4) 
 
M-H + M-H → 2M + H2     (5) 
 
There are no other clearly identifiable product features in 
Fig. 5, suggesting that the enolate builds up on the surface at 
temperatures from 100 to 200 °C. 
From Figs. 4(a), S8 and S9 (ESI†) it can be seen that a band 
attributable to an isolated OH stretch at 3478 cm
-1
 
30
 appears 
at temperatures > 75 °C, eg as the desorption of IPA 
commences.  This suggests, on the basis of our previous work
30
 
that the IPA is physisorbed via hydrogen bonding and that 
desorption of the alcohol from the surface frees up or reveals 
the SnOH groups previously hydrogen bonded.   This can be 
more clearly seen by subtracting the spectrum collected at 25 
°C in Fig. 1 from those taken up to 150 °C, in order to remove 
the effect of the free electron absorption, and the resultant 
spectra are shown in Fig. S10 (ESI†).  In contrast to the results 
observed during the heating of the fully hydrated SnO2 in air
30
 
the spectra do not show the loss of various forms of adsorbed 
water, presumably because the water was replaced by the 
adsorbed IPA, the loss features of which are clearly increasing 
in intensity as the temperature was increased in Fig. S10 (ESI†).  
The broad loss between 4000 and 1500 cm
-1
 is due to the loss 
of hydrogen bonding between the SnOH groups on the surface 
and adsorbed IPA, resulting in the appearance of the two 
bands due to isolated SnOH stretches at 3520 and 3478 cm
-1
 as 
the IPA is removed.  This may be interpreted in terms of the 
model of the surface SnOH groups proposed by Morishige and 
co-workers
55
 and Morimoto et al. 
56, 57
.  These authors consider 
the OH species on the three main low index surfaces of SnO2, 
namely (100), (110) and (111). The fully hydroxylated (100) 
surface contains OH groups in which the H atoms are sunk 
somewhat into the hollow sites between the oxygen atoms.  
Hence, the OH groups on this surface would not be expected 
to form hydrogen bonds to any significant extent with 
physisorbed  IPA molecules.  In contrast, the OH groups of the 
(110) plane point outwards perpendicularly from the surface 
and hence would be expected to form hydrogen bonds with 
physisorbed  IPA.  The (111) surface is slightly more 
complicated, but the OH groups again point outwards and 
hence could also form hydrogen bonds with physisorbed  IPA.  
Thus, loss of water from the (100) facets does not “release” 
SnOH groups from hydrogen bonding, hence there is no gain of 
absorption due to isolated OH, whereas loss of water from the 
(111) and (110) facets results in the gain in intensity of the 
bands at 3520 cm
-1 
and 3478 cm
-1
 due to appearance of 
isolated SnOH groups.   Although there is no direct evidence 
for two forms of physisorbed IPA (type (I) and (II)), it does not 
seem unreasonable to postulate that type (I) IPA was adsorbed 
on the (100) facets, and type (II) on the (110) and (111) facets.  
The latter highlights an important consideration for future 
work in that it is clear that different crystal facets can and do 
have significant effect upon the chemistry observed at solid 
catalysts
23
.  Using the analogy with electrochemistry again, 
since the 1980’s major advances followed FTIR studies of well-
defined single crystals of catalysts such as Pt which facilitated 
the elucidation of the effects of surface structure on activity 
and selectivity, via the identification of the adsorbed 
intermediates and their distribution and behaviour at the 
various crystal facets  (see, for example, the work of Feliu in 
Alicante
58
).  Hence future investigations of the plasma/catalyst 
interface should include the study of well-defined single crystal 
surfaces, with  comparison to the same surfaces in the 
thermally-driven systems. 
Fig. 6 shows plots of the intensities of the various features in 
Fig. 1 as a function of temperature, normalised to their 
maximum values, and Fig. S11 (ESI†) shows the raw data.  Fig. 
S12 (ESI†) shows selected spectra from Fig. 1: as can be seen 
from the figure, loss features appear at 1466, 1390, 1252*, 
1153*, 1076 and 952 cm
-1
 at 200 °C and increase steadily in 
6000 5000 4000 3000 2000 1000
-0.2
0.0
0.2
0.4  125°C
 150°C
 175°C 
 200°C
Wavenumber/ cm
-1
K
u
b
el
k
a
-M
u
n
k
1512
Fig. 5   The spectra collected in the experiment in Fig. 4 from 125 to 200ºC.  The 
spectrum taken at 100ºC was subtracted from all the spectra shown. 
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intensity up to 600 °C.  Gain features appear at 1738 cm
-1
, 
1715 cm
-1
(sh) and ca. 1207* cm
-1
 (the frequencies of the 
features marked with * in the figure are difficult to determine 
accurately due to the bands pointing in the opposite direction 
distorting the peak position) but only at temperatures > 200 °C 
.  The figure supports the difference in the temperature-
dependent behaviour of the 1738 cm
-1
 gain feature and the 
various loss features.  The loss features may be attributed to 
gas phase isopropyl alcohol, see Table 1 and
59
: clearly the 
reactant is lost steadily at all temperatures > 150 °C. 
Fig. 7 shows the spectrum taken at 100 °C in Fig. 1 
subtracted from those collected from 150 to 300 °C.  
Additional loss features at 2974 and 2887 cm
-1
 due to the gas 
phase IPA may clearly be seen in the figure. Subtracting the 
spectrum collected at 100 °C brings out the gain features, with 
bands at ca. 1354*, 1207* and 1104* cm
-1
 as well as 1738 cm
-1
 
and the shoulder at 1715 cm
-1
.  The shoulder at 1715 cm
-1
 may 
be attributed to acetaldehyde
59
 and the remaining  gain 
features to gas phase acetone
60
.   Region (II) shows a 
significant increase in free electron density in the 
semiconductor, consistent with the oxidation of the adsorbed 
species from IPA to acetone.  Thus, in region (II), at T > 150 °C, 
the adsorbed enolate is oxidised to acetone: 
 
CH3C(OH)=CH2---M + (CH3)2CHOH + M →  M-O-CH(CH3)2 + 
(CH3)2C=O + M-H     (6) 
 
Presumably as the temperature is sufficient to overcome the 
activation barrier.    
In region (II), 300 – 400 °C, it is not clear why the free 
electron absorption decreases and the gas phase acetone 
concentration remains steady.      
 
 
Fig. 8 shows the spectrum collected at 400 °C in Fig. 1 
subtracted from those taken up to 600 °C.  The spectra show 
the gain of free electrons in the conduction band of the SnO2 
and the concomitant oxidation of the acetone to CO2 (2362 
and 2330 cm
-1
 
61
).  The acetone loss features < 1400 cm
-1
 are 
clear due to the absence of gain features.  From Fig. 1 it can be 
see that a significant amount of acetone was still present over 
this temperature range, along with the weaker CO2 gain 
features, showing that the conversion of acetone and 
acetaldehyde to CO2 was by no means complete.   
 
 
3.2 The plasma experiments 
The non-thermal plasma –driven reaction of IPA in dinitrogen 
at Macor was reported by us in a previous paper
40
. In brief, 
two sets of products result: gas phase reaction, with no 
influence of the Macor, results in the fragmentation of the IPA 
to produce methane and CO, the latter a temperature << 200K, 
as well as the production of acetone and HCN.  These species 
rapidly attain steady-state concentrations in the plasma which 
remain largely unchanged with time.   In contrast, reaction at 
the Macor results in the condensation of the acetone to form a 
polymethylacetylene-like liquid that also contains the side 
product isophorone.  Fig. S13 (ESI†) shows spectra of the liquid 
films remaining in the plasma transmission and reflectance 
cells after operation for 20 minutes at 27W and 16W, 
respectively, for 20 minutes.  The spectra differ only in the 
relative amounts of isophorone (intense signature band at 
1666 cm
-1
) and polymethylacetylene-like species (intense 
signature band at 1762 cm
-1
). 
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Fig. 6   Plots of the various features in Fig. 1 as a function of temperature. 
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Fig. 7   The spectra collected in the experiment in Fig. 1 collected between 150 and 
300ºC, with that taken at 100 ºC subtracted. 
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Fig. 8   The spectra collected in the experiment in Fig. 1 collected between 450 and 
600ºC, with that taken at 400 ºC subtracted. 
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Coating the Macor/Ti mesh with SnO2 in the plasma 
reflectance cell results in no observed products, even at higher 
input power than employed in the absence of the SnO2: thus, 
Fig. 9 shows selected spectra collected as a function of time 
during a 20 minute experiment at 20W using the reflectance 
cell with the SnO2 coating.  No product features were 
observed.  Not only do the data presented in this paper show 
the invalidity of catalyst selection for NTP-based processing 
based on thermal activity, Figs. 9 and S13 (ESI†) in particular 
show the particular catalytic activity of Macor with respect to 
the formation of the species in the liquid film. 
 
4. Conclusions 
Using in-situ FTIR spectroscopy it was shown that non-thermal 
plasma does not drive any reaction of isopropyl alcohol at 
SnO2-coated Macor: however, IPA does react at SnO2 in the 
analogous thermally-driven process.  This is in complete 
contrast to the analogous processes at uncoated Macor, where 
IPA is inactive in the thermally-driven process but undergoes a 
variety of reactions in the non-thermal plasma, catalysed by 
the Macor.  Thus, the common practice of the selection of 
catalysts for plasma-driven processes based on those materials 
active in the analogous thermally-driven systems is of limited 
validity.   
FTIR spectroscopy allowed the detailed unpicking of the 
mechanism of the oxidation of IPA at SnO2, including the role 
played by the semiconducting nature of the oxide.  Thus, at 
25ºC, the IPA is physisorbed on the surface of the oxide to 
produce two adsorbates: on increasing the temperature above 
50ºC, the physisorbed IPA partially desorbs, releasing 
previously hydrogen-bonded SnOH groups, and partially 
converts to two forms of chemisorbed isopropoxide.  At 
temperatures between ca. 100 and 200ºC, the isopropoxide 
species are converted to adsorbed enolate, bound end-on 
through the C=C bond.  At temperatures > 150 ºC, the adsorbed 
enolate is oxidised to acetone and acetaldehyde via electron 
injection into the conduction band of the SnO2.  At 
temperatures > 400 ºC, the acetone and acetaldehyde are 
oxidised further, again via electron injection, to CO2.   
The plasma reflectance cell is still under development with 
the aim of improving signal-to-noise: once this is achieved, it 
should be possible to routinely detect adsorbed intermediates 
and products.   Significant advances should then be possible, 
as has been the case at the gas/solid and electrode/electrolyte 
interfaces, by carrying out fundamental investigations using 
well-defined crystal surfaces to provide benchmark data on 
adsorbed species and the effects of surface structure on the 
nature, distribution and behaviour of such species 
It is clear that the application of infrared spectroscopy to the 
study of plasma-driven processes, and the comparison of the 
data so obtained with the analogous thermally-driven 
processes, has the potential to elucidate mechanisms and 
provide valuable insights into the differences in the surface 
chemistry taking place and hence facilitate the design of active 
and selective, tailored catalysts.    
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